Dengue virus is an emerging global health threat. Its major envelope glycoprotein, E, mediates viral attachment and entry by membrane fusion. A crystal structure of the soluble ectodomain of E from dengue virus type 2 reveals a hydrophobic pocket lined by residues that influence the pH threshold for fusion. The pocket, which accepts a hydrophobic ligand, opens and closes through a conformational shift in a ␤-hairpin at the interface between two domains. These features point to a structural pathway for the fusion-activating transition and suggest a strategy for finding small-molecule inhibitors of dengue and other flaviviruses.
D
engue virus, a member of the flavivirus family, imposes one of the largest social and economic burdens of any mosquitoborne viral pathogen (1) . There is no specific treatment for infection, and control of dengue virus by vaccination has proved elusive (2) . Several other flaviviruses are important human pathogens, including yellow fever, West Nile, tick-borne encephalitis virus (TBE), and Japanese encephalitis viruses (JE) (2) .
Three structural proteins (''C,'' ''M,'' and ''E'') and a lipid bilayer package the positive-strand RNA genome of flaviviruses (3) . The core nucleocapsid protein, C, assembles with RNA on the cytosolic face of the endoplasmic reticulum membrane. The assembling core buds through the endoplasmic reticulum membrane, thereby acquiring an envelope that contains the major envelope glycoprotein, E, and the so-called precursor membrane protein, prM. The particle passes through the secretory pathway, where a furin-like protease cleaves prM to M in a late trans-Golgi compartment. The cleavage, which removes most of the ectodomain of prM, releases a constraint on E and primes the particle for low-pH-triggered membrane fusion. Uncleaved, immature particles are not fusion competent (2, 3) . E, which mediates both receptor binding (4) and fusion (5) , is a so-called ''class II'' viral fusion protein (6, 7) . The more familiar class I fusion proteins, exemplified by the hemagglutinin of influenza virus and gp120͞gp41 of HIV, have a ''fusion peptide'' at or near the N terminus of an internal cleavage point (8) . This hydrophobic and glycine-rich segment, buried in the cleavedprimed trimer of the class I fusion protein, emerges when a large-scale conformational rearrangement is triggered by low pH (in the case of hemagglutinin), receptor binding (in the case of gp120͞gp41), or other cell-entry related signal. The likely sequence of events that follows includes an interaction of the fusion peptide with the target-cell membrane and a refolding of the trimer. The latter step brings together the fusion peptide and viral-membrane anchor, thereby drawing together the cellular and viral membranes and initiating the bilayer fusion process (6) . The class II proteins, found so far in flaviviruses and alphaviruses, have evolved a structurally different but mechanistically related fusion architecture (3, 7) . As in class I proteins, a proteolytic cleavage (of prM to M in flaviviruses or pE2 to E2 in alphaviruses) yields mature virions, with the fusion proteins in a metastable conformation, primed for fusion. The fusion peptide, an internal loop at the tip of an elongated subdomain of the protein (5, 9) , is buried at a protein interface and becomes exposed in the conformational change initiated by exposure to low pH (9, 10). Because only the prefusion structures of one flaviviral and one alphaviral envelope protein have previously been determined, we know rather little about the conformational rearrangements set in motion by exposure to low pH (in the early endosome after viral uptake). The structures do suggest that the conformational changes involve hinge motions about interdomain linkages (9) , together with oligomeric rearrangements on the viral surface (11) (12) (13) . In the case of the flaviviruses, the E dimers found on the surface of the virion recluster irreversibly into trimers when exposed to pH approximately Ͻ6.3 (11) .
We report the structure of a soluble fragment (residues 1-394) of the E protein from dengue virus type 2. This fragment contains all but Ϸ45 residues of the E-protein ectodomain (Fig.  1A) . It closely resembles the E protein from TBE in its dimeric structure and in the details of its protein fold, including a set of six disulfide bonds (9) . Therefore, residues implicated as determinants of host range, tropism, or virulence in different flaviviruses and mutations that affect binding of neutralizing monoclonal antibodies map to the same locations in the dengue and TBE structures (see ref. 9 for a detailed analysis based on the TBE E structure). We have examined crystals grown in both the presence and the absence of the detergent n-octyl-␤-D-glucoside (␤-OG). The key difference between the two structures is a local rearrangement of the ''kl'' ␤-hairpin (residues 268-280) and the concomitant opening up of a hydrophobic pocket, occupied by a molecule of ␤-OG. Mutations affecting the pH threshold for fusion map to the hydrophobic pocket, which we propose is a hinge point in the fusion-activating conformational change. Detergent binding marks the pocket as a potential site for small-molecule fusion inhibitors.
Materials and Methods
Expression, Purification, and Crystallization. E protein from dengue virus type 2 S1 strain (14) was supplied by Hawaii Biotech. The protein was expressed in Drosophila melanogaster Schneider 2 cells (American Type Culture Collection) from a pMtt vector (SmithKline Beecham) containing the dengue 2 prM and E genes (nucleotides 1-1185) as described by Ivy et al. (15) . The resulting prM-E preprotein is processed during secretion to yield soluble E protein, which was purified from the cell culture medium by immunoaffinity chromatography (16) . Crystals grow from a 10 g͞liter solution at 4°C by hanging drop vapor diffusion in 11% polyethylene glycol 8000, 1 M sodium formate, 20% glycerol, and 0.1 M Hepes (pH 8). The addition of 0.5% ␤-OG before crystallization significantly improved the abundance and diffraction limit of the crystals. (Table 1) , which was collected on beamline ID-19 at the Advanced Photon Source (Argonne National Laboratory, Argonne, IL). The data were processed with HKL (17) . Statistics for data collection are summarized in Table 1 .
Structure Determination and Refinement. The pronounced anisotropy of the datasets was corrected by scaling each dataset anisotropically to a calculated dataset obtained from an arbitrary set of atomic coordinates. The datasets were scaled to the most isomorphous native dataset, Native2 (Table 1) , and isomorphous difference Pattersons were calculated with SOLVE (18) . Two initial heavy atom sites were identified by using the lead derivative. Additional sites were located in the three other derivative datasets by using cross-difference Fourier maps. Initial phases were optimized by refining the heavy atom parameters against maximum likelihood targets with SHARP (19) . Phases were improved by solvent flattening and twofold noncrystallographic symmetry (NCS) averaging with DM (20) and RESOLVE (21) . The solvent content was assumed to be 43%. The space group was determined as P3 1 21 , based on interpretable features in densitymodified maps. An initial model was built into the maps with O (22) . The atomic coordinates were refined against the best native dataset, Native1 (Table 1) , first as a rigid body, then by simulated annealing using torsion angle dynamics with CNS (23) . Further cycles also included restrained refinement of B-factors for individual atoms and energy minimization against maximum likelihood targets with CNS. Because the electron density for one of the molecules in the dengue E dimer was better defined than the other, the atomic coordinates of the two molecules were tightly restrained throughout refinement and therefore have very similar structures: the rms deviation is 0.34 Å (including side chain atoms). The B-factors were left unrestrained because of a large difference in overall B-factors for the two molecules in the asymmetric unit. The atomic model was completed by using 2F o Ϫ F c and F o Ϫ F c Fourier maps, and 137 water molecules were added by using an automated procedure in CNS and by visual inspection. The final model also includes two glycans, and one molecule of ␤-OG per protein molecule.
The structure of dengue E in the absence of ␤-OG was determined by refining the atomic coordinates against the Native3 dataset (Tables 1 and 2 ), which was collected from a crystal grown in the absence of ␤-OG. The protein atoms were first refined as six rigid bodies, corresponding to domains I, II, and III of each of the two chains in the asymmetric unit. The kl hairpin (residues 270-279) and residues 165-169 were completely rebuilt. Further refinement cycles consisted of simulated annealing with torsion angle dynamics, restrained B-factor refinement for individual atoms, and energy minimization against maximum-likelihood targets with CNS (23) . The structure of dengue E without ␤-OG was also determined in a second crystal form (dataset Native4) by molecular replacement using a dengue E monomer as the search model in AMORE (24) . The space group was identified in the translation search as P3 2 21 , with only one molecule per asymmetric unit. Rigid body refinement of domains I, II, and III resulted in substantial shifts, especially for domain II, which rotated Ϸ5°with respect to domains I and III. The axis of rotation passes through residue 193 and is roughly perpendicular to the dyad axis of the dimer. Further refinement cycles consisted of simulated annealing, restrained individual B-factor refinement, and energy minimization with CNS (23) . The stereochemical quality of each atomic model was validated with PROCHECK (25) . Statistics for data collection, phasing, and refinement are presented in Tables 1 and 2 .
Results and Discussion Molecular Architecture of the Dengue E Dimer. Fig. 1B shows the three-domain structure of the dengue virus sE dimer. Domain I, the 8-stranded central ␤-barrel, organizes the structure. Its ␤-strands are denoted B 0 -I 0 , with the addition of a short amino-terminal strand (A 0 ) parallel to strand C 0 at one edge of the barrel. Insertions between strands D 0 and E 0 and strands H 0 and I 0 form the elongated domain II, which bears the fusion peptide at its tip (Fig. 1B) . Domain II contains 12 ␤-strands, denoted a-l, and two ␣-helices, ␣A and ␣B. Domain III is an IgC-like module, with ten ␤-strands (A-G and a small extra sheet, A x C x D x ; ref. 9). In all three domains, ␤-strands predominate. As expected from the 37% sequence identity between dengue and TBE sE, each domain of dengue sE has the same folded structure as its TBE counterpart, but several loops diverge in conformation. The relative domain orientations are also slightly different, consistent with the notion that the links between them might be flexible.
One consistent difference between E proteins from tick-and mosquito-borne flaviviruses is the presence in the latter of an additional four residues (382-385) between strands F and G of domain III. In our structure, these residues form a compact solvent-exposed bulge (Figs. 1B and 2 A) . Their relatively high temperature factors suggest some degree of flexibility. This loop has been implicated in receptor binding in dengue virus (4) .
There are two glycosylated asparagines on each dengue E subunit: Asn-153 on domain I and Asn-67 on domain II (Fig. 2A) . Asn-153, conserved in most flavivirus envelope proteins, bears a structure modeled here as a tetrasaccharide (Fig. 2B) , although it contains additional, poorly ordered sugars. The fourth sugar is a mannose, which appears to be important for viral entry (26) . The glycan projects outward from the surface of the protein, and somewhat discontinuous electron-density features suggest that it makes a crystal contact with the Asn-67 glycan of another sE dimer (Fig. 2) . In TBE, its homolog extends laterally across the dimer interface and ''covers'' the fusion peptide (residues 100-108) on domain II of the dimer partner. In the absence of a crystal contact, the dengue Asn-153 oligosaccharide might do likewise. Indeed, stabilization of the dimer by the oligosaccharide would be consistent with the properties of mutants of dengue at position 153, which fuse with target membranes at a higher pH (27) (28) (29) .
The Ligand-Binding Pocket. The most significant difference between the structures of dengue sE with and without ␤-OG is an altered conformation of the kl loop, which shifts toward the dimer contact in the presence of the detergent, forming a salt bridge and a hydrogen bond with i and j of the dimer partner. To effect this movement, strands k and l switch sheets, from F 0 E 0 D 0 lk to efgkl ( Fig. 1C ; also see figure 2 of ref. 9). The shift closes the ''holes'' along the dimer contact to either side of the twofold axis and opens a tapering, hydrophobic channel at the interface between domains I and II. This channel accepts a single ␤-OG molecule. The glucosyl head group of ␤-OG lies at the channel's mouth, with several hydrogen bonds fixing an ordered orientation; the hydrocarbon chain projects well into the channel's cavity. In TBE sE, which was studied in the absence of ␤-OG, the kl loop is in the ''closed'' position, and the hydrophobic residues are buried (Fig. 1D) .
Mutations of residues that participate in the domain I͞II interface just described alter the threshold pH for fusion (Fig. 3) . Most of them involve side chains in the ␤-OG-binding pocket. We take this correlation as a strong indication that domains I and II indeed change orientation during the fusion-promoting conformational change. We propose that the shift in the kl hairpin opens the hydrophobic interface, allowing domain II to hinge away from its dimer partner and to project the fusion peptide at its tip toward the membrane of the target cell (Fig. 4A) . Two crystallographic observations are consistent with such a hinge. When two different crystal forms of dengue sE obtained in the absence of ␤-OG are compared, domain II shifts by Ϸ5°with respect to domain I. The same is true for two different crystal forms of TBE sE (F. A. Rey and S.C.H., unpublished work). In both cases, the hinge angle is quite small, because a larger bend would disrupt the dimer contact at the tip of domain II and expose the fusion peptide. Indeed, it is just such a disruption that occurs at low pH. In the pH-threshold mutations, substitution of longer hydrophobic side chains by shorter ones generally lowers the maximum pH that triggers fusion (Fig. 3) . We suggest that shorter side chains may allow a tighter and more stable closed form of the pocket, requiring a greater drop in pH to flip it open. Attenuated viruses with single mutations in the kl hairpin region have been obtained by passage in cell culture (30, 31) . Accumulation of such mutations might result in even stronger attenuation.
Implications for Viral Assembly and Fusion. The outer surfaces of mature flavivirus particles contain 180 subunits each of E and M, in a compactly organized icosahedral array (3). Any conformational change in E is therefore likely to induce a concerted reorganization across the entire surface of the virion. The E proteins cluster into trimers when they undergo their conformational change induced by low pH (11). We do not yet know which domains contribute to the trimer contacts. Based on image reconstructions from electron cryomicroscopy of fusioncompetent TBE recombinant subviral particles, which contain 60 subunits each of E and M (12), we propose that a hinge motion of domain II away from its dimer partner during the low-pHinduced transition could result in the formation of trimer contacts by domain II, with only a modest reorientation of domains I and III within the surface lattice (Fig. 4A) . The resulting trimer would display three fusion-peptide loops at its tip. The packing of E deduced from image reconstructions of dengue virions (13) is at odds with this simple view, however, because the 90 dimers are not related by local threefold symmetry (Fig. 4B) . It has been suggested that the surface proteins might rearrange to the structure shown in Fig. 4C as part of the low-pH-induced reorganization (13) . Note the similarities between the structures shown in Figs. 4 A Left and C. As domain II bends out from the viral surface, it will release many of the Fig. 3 . Mutations affecting the pH threshold of fusion (or virulence) in flaviviruses (36 -41) . The mutated residues line the interior of the ligandbinding pocket. For unconserved residues, the residue type in the virus in which the mutation was identified is listed first, followed by the residue type in dengue 2. The coloring is the same as in Fig. 1 . (12) to the fusion-competent T ϭ 1 particle at low pH. On acidification, domain II is proposed to swing out about a hinge at the domain I͞II interface, creating homotrimeric contacts at the threefold axis. Clusters of three fusion peptides are displayed at the tip of each trimer. (B) The packing in T ϭ 3 virus-like particles deduced from image reconstructions of dengue virions (13) . The 180 subunits are not related by local threefold symmetry. (C) Suggested T ϭ 3 packing intermediate for the virion at low pH (13) . E is shown in its native (high pH) conformation. Because all monomers are related by local threefold symmetry, the low-pH conformational change will result in the formation of trimers, as in A.
surface-lattice packing constraints, giving individual E subunits (or groups of subunits) considerable lateral freedom. The very tight packing of subunits in the surface of the virion at neutral pH may therefore not, in practice, be a hindrance to the postulated rearrangement. The greater lateral freedom of E trimers on the viral surface is presumably also necessary for the fusion step, in which a further and more dramatic conformational change in E may be required to drive the cellular and viral membranes together.
In conclusion, we have identified the kl hairpin as a key structural element for initiating the low-pH conformational change that leads to formation of fusion-competent trimers. The opening up of a ligand-binding pocket just at the locus of a likely hinge suggests that compounds inserted at this position might hinder further conformational change and hence inhibit the fusion transition. In the context of the virion surface, their action might resemble that of some of the well studied antipicornaviral compounds, which block a concerted structural transition in the icosahedral assembly (32) . Alternatively, small molecules that pry open the kl hairpin on binding in the ligand-binding pocket may inhibit infection by facilitating the low-pH conformational change, causing premature triggering. Our structural observations suggest direct ways to search for such inhibitors.
